Abstract. We analyzed the heterogeneity of apo E in very low density lipoprotein from 58 hyperlipidemic subjects with or without atherosclerosis, 69 patients with ischemic heart disease, and 100 apparently healthy individuals. Apo E gene frequencies in the group of healthy individuals were comparable with those in German and American populations. The distribution of six common apo E phenotypes in the groups of hyperlipidemia and ischemic heart disease was similar to that in the healthy group.
Introduction
In recent years, it has been demonstrated that some structural alterations in apolipoproteins or their complete absence result in disturbances of plasma lipid and lipoprotein metabolism. Many such cases are of medical importance because they are associated with severe complications such as pancreatitis or atherosclerosis.
Type III hyperlipoproteinemia appears in individuals who are homozygous for the apolipoprotein E (apo E)' mutation, apo E-2 (1, 2), or in those with a complete absence of apo E (3), when they have another hereditary factor or some nutritional factors which lead to combined hyperlipidemia (1, 2, 4) . Recently, another mutant of apo E (apo EBethe~d.) associated with type III hyperlipoproteinemia was also reported (5) . The association of an apo E mutation with hyperlipidemia was first demonstrated by Utermann et al. (6) , and it was further shown by Mahley's group that the mutant, apo E-2, occurred by the substitution of cysteine for arginine as the 158th amino acid residue in the primary peptide structure of the wild-type form of apo E (apo E-3) (7, 8) .
Apo E-3 has an affinity for the apo B,E receptor on the cell surface, which has an important role in the regulation of cholesterol metabolism (9) . Apo E-2, however, lacks such an affinity (10, 11) . Other mutants also caused by point mutations in the amino acid sequence at places other than the residue 158 have been discovered by the same group (12, 13) .
Another mutant of apo E, apo E-4, which is caused by a change at the residue 112 from cysteine to arginine (7, 8) , has a very high frequency (-20%) among the general population (14) (15) (16) . Although data have been presented showing an increased prevalence of apo E-4 in type V hyperlipoproteinemia (17) , theoretical evidence is still lacking about the influence of this kind of mutation on lipoprotein metabolism.
Recently, we found a new component of apo E, designated apo E-5, which moved beyond E-IV2 to the cathodic side of an isoelectric focusing gel, and so, was more basic than apo E-4, in several patients with an atherosclerotic disease (18). In this paper, we describe another mutant, tentatively called apo ESuita, giving at least three bands upon isoelectric focusing, all of which were more basic than the ordinary apo E components, E-IV to E-I. Most of the probands with this mutation had an atherosclerotic disease. The prevalence of these newly found apo E mutants, including both apo E-5 and apo E-Suita, was as much as 5% among patients with atherosclerotic disease and hyperlipidemia, while we could not find any such abnormal apo E components among 100 healthy subjects. Therefore, a causal relation between these mutants and the development of atherosclerosis was strongly suggested. In addition, we have partially characterized these apo E mutants with respect to the nature of the alterations in their molecular structures.
Methods
Subjects. 69 patients (55 males and 14 females) who had been treated in the Coronary Care Unit (CCU) of our hospital, having been diagnosed as having angina pectoris or acute myocardial infarction, and 58 patients (37 males and 21 females) attending our lipid clinic with hyperlipidemia with or without atherosclerotic disease were the subjects of this study. We refer to the former subjects as CCU patients and to the latter as lipid clinic patients. 100 apparently healthy subjects (53 males and 47 females) were also studied as a control group. All individuals are unrelated. In some patients, family studies were performed and their available blood relatives and spouse were investigated.
Serum lipid and lipoprotein analysis. Blood samples were obtained after overnight fasting, and serum was separated after low-speed centrifugation at room temperature. Very low density lipoprotein (VLDL) was isolated from serum by a quantitative ultracentrifugation at a solvent density of 1.006 g/ml as described previously (19). Cholesterol and triglycerides in serum and VLDL fractions were measured by enzymatic methods. High density lipoprotein (HDL)-cholesterol concentration was determined in the supernatant after the 2. Bands of apo E separated on an isoelectric focusing gel are designated as E-IV, E-III, E-II, E-I, and E-I' (from the cathodic to the anodic side) as reported by Utermann et al. (1, 6) (24) . The molecular weight of apo E was determined by one-dimensional SDS-polyacrylamide gel electrophoresis with the following molecular weight standards: bovine serum albumin, 68,000; ovalbumin, 43,000; chymotrypsinogen A, 26,000; soybean trypsin inhibitor, 21,000; myoglobin, 17,000; and cytochrome c, 12,000. Two-dimensional isoelectric focusing-SDS-polyacrylamide gel electrophoresis was performed by a modification of O'Farrell's method (25) . For by some minor bands of its sialylated derivatives, each subjects had at least three bands in the region corresponding to E-VII, E-VI, and E-V. The major apo E bands (E-IV, E-III, and E-II) had apparent isoelectric points of 5.91, 5.78, and 5.68 in our focusing system, and the isoelectric points of the E-VII, E-VI, and E-V bands were 6.89, 6.35, and 6.08, respectively. The frequency distribution of the different apo E phenotypes in the three groups of this study is shown in Table II . The patterns of distribution of six common apo E phenotypes, E4/4 to E2/2, in the groups of the lipid clinic patients and the CCU patients were similar to that in the group of healthy individuals. An E2/2 phenotype was only found in the lipid 1 2 3 4 5 6
Results
Based on the isoelectric focusing patterns of apo VLDL, six major apo E phenotypes were detected which were made up by a combination of the three major apo E isoproteins. Besides these major phenotypes, a minor one including apo E-5 has been detected in three patients (18), and in addition, we discovered another phenotype with a new series of apolipoprotein components, apo E-Suita, in four patients with hyperlipidemia and atherosclerotic disease (Table I) .
Typical isoelectric focusing patterns of apo VLDL with apo E-Suita are shown in Fig. 1 . Besides one of the already known major apo E components, E-IV to E-II, accompanied and the E-VII to E-V bands on gel 4 to 6 are the new apolipoprotein components, apo E-5 and apo E-Suita, respectively, investigated in this study. The apo E phenotypes are shown: (1) E3/3, (2) E3/2, (3) E5/3, (4) E2/Suita, (5) E3/Suita, and (6) E4/Suita. Four apoprotein bands in the lower portion of each gel correspond to apo C-uI-0, apo C-II, apo C-III-1, and apo C-III-2 from top to bottom. The cathode (basic) is at the top and the anode (acidic) at the bottom. clinic patients. Serum lipoprotein patterns of the subjects with the E2/2 phenotype showed the characteristics of classical type III hyperlipoproteinemia or broad-13 disease. The newly found apo E mutants including both apo E-5 and apo E-Suita, however, were found in four subjects of 58 lipid clinic patients (6.9%) and in three of 69 CCU patients (4.3%). On the contrary, we could not find any such abnormal apo E components among 100 healthy subjects (Table II) . In addition, five of these seven subjects with abnormal apo E, apo E-5, or apo E-Suita, had overt atherosclerotic diseases (Table I ). Family members in some patients with abnormal apo E were also investigated. Data on the study of the patients with apo E-5 have been reported in our previous paper (18). Table III and Fig. 2 show serum lipoproteins and apo E phenotypes in the patients with apo E-Suita and their relatives. In the N-kindred, both the proband and his brother had an E4/Suita phenotype. The proband of the F-kindred had the apo E phenotype of E3/Suita, and his spouse E3/2. One of the daughters was demonstrated to have an E2/Suita phenotype, and the other E3/3 ( Fig. 2 , Table III ). None of the subjects with apo E-5 or apo E-Suita had cholesterol-rich VLDL or the broad-3 pattern of serum lipoproteins, the characteristics of type III hyperlipoproteinemia (data not shown).
Immunochemical examination of the isoelectric focusing gels with anti-apo E antibody revealed that apo E-Suita, as well as apo E-4, apo E-3, and their sialylated derivatives, gave an immunochemical precipitation reaction with antibody prepared with the ordinary apo E components (Fig. 3) . To determine whether these apo E-Suita components bind to heparin like the already known apo E isoproteins (26), fractionation of apo VLDL by heparin-Sepharose affinity chromatography was performed. Apo E-Suita was not eluted from a column of heparin-Sepharose CL-6B with a low salt buffer, (1) apo VLDL from the proband with E3/Suita, (2) apo VLDL from his spouse with E3/2, (3) apo VLDL from a daughter with E3/3, and (4) apo VLDL from another daughter with E2/Suita. The cathode is at the top and the anode at the bottom.
but was eluted with a high salt buffer together with other apo E components as a bound fraction. Apoproteins in the bound fraction showed a single band coupled with ordinary apo E by one-dimensional SDS-polyacrylamide gel electrophoresis (data not shown). As previously described (18), apo E-5 had the same characteristics as apo E-Suita with respect to the interaction with heparin and to the reaction with the anti-apo E antibody.
It has been shown that the presence of cysteine residues in a protein can be detected by monitoring the charge in the isoelectric focusing pattern after modification with cysteamine, and that cysteamine treatment gives the protein a single positive charge per one cysteine residue (7). After cysteamine treatment of VLDL, both apo E-5 (E-V and E-IV bands) and apo E-Suita (E-VII to E-IV bands) were shifted to higher isoelectric points by a single charge unit as apo E-3, which contained one residue of cysteine per mole (Fig. 4) . These (7) apo VLDL from a subject with the E3/3 phenotype; center: C and T apo VLDL from a patient with the E5/3 phenotype; and right: C and T apo VLDL from a patient with the E3/Suita phenotype. Both apo E-5 (E-V and E-IV) and apo E-Suita (E-VII to E-IV) components are shifted to higher isoelectric points by a single charge unit as apo E-3 components (E-III to E-I). The and its sialylated isoforms (E-Il to E-I') are observed for apo E-5 (E-V and E-IV) and apo E-Suita components (E-VII to E-IV). Apparent molecular weights of two major isoforms from the E3/Suita phenotype, corresponding to E-VII and E-II, are similar by SDS-electrophoresis. However, there was a difference in the apparent molecular weight between major isoforms from the E5/3 phenotype, corresponding to E-V and E-III. "IEF' means isoelectric focusing for the first dimension, and "SDS" means SDS-electrophoresis for the second dimension.
and with the E3/Suita phenotype were analyzed by twodimensional isoelectric focusing-SDS-polyacrylamide gel electrophoresis (Fig. 5) . The electrophoretic pattern of apo E with the E5/3 phenotype showed two major spots of apo E-5 and apo E-3 isoproteins, corresponding to E-V and E-III bands on one-dimensional isoelectric focusing. The apo E-5 isoprotein had a lower apparent molecular weight than the apo E-3 isoprotein on SDS-electrophoresis for the second dimension (Fig. 5 A) . The other minor isoproteins, corresponding to E-IV and to E-II-E-I', had higher molecular weights than apo E-5 and apo E-3, respectively. On the other hand, the pattern from the E3/Suita phenotype showed two major isoproteins, E-VII and E-III, and these two isoproteins seemed to have the same molecular weights (Fig. 5 B) . The molecular weights of other minor isoproteins were higher than those of the major isoproteins. For the precise estimation of molecular weights of the major apo E isoproteins, one-dimensional SDS-polyacrylamide slab gel electrophoresis with molecular weight markers was carried out using the discontinuous buffer system by the Laemmli's procedure (Fig. 6 ). Control apo VLDL samples with E4/2 and E3/3 phenotypes showed a single major apo E band with an approximate molecular weight of 35,000, determined by the molecular weight standards, and a minor band of apo E with a relatively higher molecular weight (Fig. 6,  lanes 1 and 4) . Similar patterns of apo E from two patients with the E3/Suita phenotype (cases 2 and 3) were observed with a major apo E band at the apparent molecular weight of 35,000 (Fig. 6, lanes 3 and 6) . Both apo VLDL samples from two unrelated patients with the E5/3 phenotype (cases 5 and 6), however, had two major apo E bands in this electrophoretic system (Fig. 6, lanes 2 and 5) , while they had shown a broad single band of apo E on SDS-polyacrylamide gel electrophoresis using the Continuous buffer system by the method of Weber and Osborn (27) , as previously described (18). One of the two bands in cases 5 and 6 (Fig. 6) revealed the same molecular weight (35,000) as the major apo E from the controls and the patients with apo E-Suita, and the molecular weight of an additional one was -1,500 to 2,000 lower than the other major apo E components. We investigated sialylated isoforms of apo E-Suita by the two-dimensional electrophoresis after neuraminidase treatment of VLDL from the subject with the E3/Suita phenotype (Fig.  7) . The intensity of the two major apo E isoproteins appeared to be unchanged after treatment with neuraminidase, whereas the minor apo E isoproteins, having relatively higher molecular weights and more acidic isoelectric points, had disappeared or markedly diminished. Similar effects of neuraminidase treatment on isoelectric focusing patterns of apo E were observed in the VLDL from the patient with apo E-5 (data not shown). We analyzed the heterogeneity of apo E in VLDL from 58 hyperlipidemic subjects with or without atherosclerosis, 69 patients with ischemic heart disease, and 100 apparently apoB-w _- Figure 6 . One-dimensional SDS-polyacrylamide gel electrophoresis of apo VLDL from control subjects with apo E phenotypes of E4/2 and E3/3 (lanes 1 and 4, respectively), apo VLDL from probands with the phenotype E5/3 in K-kindred and in O-kindred (lanes 2 and 5, respectively), apo VLDL from probands with the phenotype E3/Suita in F-kindred and in M-kindred (lanes 3 and 6, respectively), and the molecular weight standard with different marker proteins (lane 7). The numbers of the molecular weight standard are shown: 1) bovine serum albumin, 68,000; 2) ovalbumin, 43,000; 3) chymotrypsinogen A, 26,000; 4) soybean trypsin inhibitor, 21,000; 5) myoglobin,' 17,000; and 6) cytochrome c, 12,000. Note that apo E from the patients with the E5/3 phenotype was composed of two major bands. to two-dimensional electrophoresis. Note that minor components of apo E (E-VI to E-IV, E-II, and E-l) as well as apo C-III-2 and apo C-III-I have disappeared or markedly diminished, and the intensity of apo C-III-0 have increased following neuraminidase treatment. "IEF' means isoelectric focusing for the first dimension, and "SDS" means SDSelectrophoresis for the second dimension. healthy individuals. Six common apo E phenotypes, resulting from three major apo E alleles (e4, E3, and e2), were demonstrated on one-dimensional isoelectric focusing gels (15, 16, 18) . Gene frequencies of apo E alleles, which were calculated from the phenotype distribution in unrelated healthy individuals (Table II) (15) indicated those in the United States to be 0.11, 0.72, and 0.17, respectively. From these results, it was suggested that there were no striking differences in apo E allele frequencies among different populations. In addition, the distributions of six common apo E phenotypes in the groups of lipid clinic patients and CCU patients were similar to the distribution in the group of healthy subjects. Though the prevalence of the E2/2 phenotype was as much as 7% in the lipid clinic patients (Table II) , this was due to the artificial clustering of type III hyperlipoproteinemia in the clinic. The expected frequency of the E2/2 phenotype from the observed E2 frequency is 0.4% on the assumption of Hardy-Weinberg's equilibrium.
In this study, the new series of apo E components, apo E-Suita, was discovered in four patients. Two of them suffered from myocardial infarction, and both had mixed-lipoproteintype hyperlipidemia or combined hyperlipidemia (cases 2 and 3). Another patient (case 1) had familial hypercholesterolemia. He also had a history of hypertension and suffered from cerebral infarction at the age of 35. The last patient (case 4) had hyperlipoproteinemia type IV or type V and responded well to dietary restriction. We found the abnormal components, apo E-5 and apo E-Suita, in 7 out of 127 subjects with hyperlipidemia and/or atherosclerotic disease. It is especially noteworthy that three of these seven were found among patients with definite signs of ischemic heart disease being treated in the CCU, and that other two patients had also overt atherosclerotic disease (Table I) . We could not find either apo E-5 nor apo E-Suita among 100 apparently healthy subjects. Therefore, it seems very likely that these kinds of apolipoprotein mutation are closely related to the development of atherosclerosis. However, most of the patients had combined hyperlipidemia instead of type III hyperlipoproteinemia, so the mechanism of the development of atherosclerosis must be independent of the retention of ,B-VLDL or of the cholesterol-rich remnant (9, 28) . The prevalence of these newly found apo E mutants in atherosclerotic and hyperlipidemic subjects may be limited within the Japanese population because these kinds of mutants have never been reported from Western countries either in patients with ischemic heart disease or in population studies (14) (15) (16) 29) .
If we assume that the combination of new components, apo E-Suita, is determined by inheritance of a new apo E allele (eSuita) which is located at the same genetic locus as the already known apo E components, the apo E phenotype distribution among family members could be well explained by the current genetic model concerning the heterogeneity of human apo E (15, 16) . With other interpretations, it is difficult to explain the apo E phenotypes especially in the F-kindred (Fig. 2) . Apo E-5 was controlled by an additional apo E allele (ES) at the same locus (18). All the probands with apo E-Suita had hyperlipidemia. However, the causal relationship between the apo E-Suita and hyperlipidemia is unclear, for one of the daughters of case 2 (F-kindred), who has an apo E phenotype of E2/Suita, had neither hyperlipoproteinemia nor cholesterolrich VLDL (Table III) .
The components of apo E-Suita were identical with ordinary apo E components with respect to their interaction with heparin-Sepharose gel (26) as well as their interaction with monospecific antibodies against human apo E. As shown by Zannis and Breslow (15) , each apo E component with a definite amino acid sequence appears in two or three forms due to posttranslational modification with sialic acid. The modified proteins are shifted to a more acidic isoelectric point, i.e., they move to the anodic side upon isoelectric focusing. It was suggested that the most basic among the three or four bands of apo E-Suita corresponding to E-VII was the unsialylated form, and that the other less basic components are products of posttranslational modification. This has been confirmed by the results of two-dimensional electrophoresis and neuraminidase treatment. The components on the acidic side of the E-VII component had higher molecular weights than E-VII on the two-dimensional electrophoresis, and had disappeared or diminished after the treatment with neuraminidase. Apo E-5 corresponding to E-V has also been identified to be the unsialylated isoprotein as previously suggested (18).
Charge modification with cysteamine indicated that both apo E-5 and apo E-Suita contained a single cysteine residue in their polypeptide chains. Furthermore, the observations on cysteamine treatment and the findings of unsialylated and sialylated isoforms showed that the unsialylated apo E-5 and apo E-Suita were shifted by two and four positive charge units, respectively, compared with the unsialylated apo E-3. The parent type of both apo E-5 and apo E-Suita can not be apo E-4, but they are probably formed as a result of substitutions of amino acids in the apo E-3 polypeptide because one cysteine residue is present in apo E-5 and apo E-Suita as in apo E-3, and because (3, which is responsible for the production of apo E-3, is the most common allele in the general population.
It had been shown that apo E-4 and apo E-2 differed from apo E-3 by a single amino acid substitution at residue 112 (arginine for cysteine) and at residue 158 (cysteine for arginine), respectively (7, 8) . Recently, Rall et al. reported minor mutants of apo E, i.e., apo E-2* (12) and apo E-2** (13), which resulted from the substitution of a cysteine residue for arginine at residue 145, and from the substitution of a glutamine residue for lysine at residue 146, respectively. All these mutants of apo E were due to a single amino acid substitution.
Substitution of an amino acid residue with a negative charge for another one with a positive charge can result in a relative increase of positive charges for the substituted protein by two units. However, it is unlikely that this kind of amino acid substitution is responsible for the change from apo E-3 to E-5 because there was a significant decrease in an apparent molecular weight. Deletion of a peptide fragment rich in acidic amino acid residues seems to be responsible for the mutation. In contrast, apo E-Suita had an apparent molecular weight similar to the common apo E, whereas it was shifted as much as four positive charge units compared with apo E-3. Peptide sequence analysis is now going on in our laboratory.
Mahley and his co-workers showed that the special domain containing the residues 139-146 of an apo E polypeptide chain was important for its binding to apo B,E receptors (30, 31) , and that the mutants of apo E-2, having amino acid mutations in this region, were defective in receptor binding (10) (11) (12) (13) . Receptor binding activity must be preserved in our new mutant apo E because the mutations were not associated with the retention of fl-VLDL or cholesterol-rich remnant. Detailed structural and functional analyses of our mutants must be performed in the future, especially with respect to the association with hyperlipidemia and atherosclerosis.
